mice provided a unique opportunity to study the effect of nonantibody, innate host defenses to relapsing fever Borrelia. Infected MyD88 ؊/؊ mice harbored extremely high levels of B. hermsii in the blood compared to wild-type littermates. In the comparison of MyD88 ؊/؊ mice and B-and T-cell-deficient scid mice, two features stood out: (i) bacterial numbers in blood were at least 10-fold greater in MyD88 ؊/؊ mice than scid mice, even though the production of IgM still occurred in MyD88 ؊/؊ mice; and (ii) many of the MyD88 ؊/؊ mice were able to exert partial clearance, although with delayed kinetics relative to wild-type mice, a feature not seen in scid mice. Further analysis revealed a delay in the IgM response to lipoproteins expressed by the original inoculum; however, by 6 days of infection antibodies were produced in MyD88 ؊/؊ mice that could clear spirochetemia in scid mice. While these results indicated that the production of IgM was delayed in MyD88 ؊/؊ mice, they also point to a second, antibody-independent role for MyD88 signaling in host defense to relapsing fever Borrelia. This second defect was apparent only when antibody levels were limiting.
Relapsing fever is a vector-borne disease that can be caused by multiple species of Borrelia, including B. hermsii, B. turicatae, and B. parkeri. While relapsing fever Borrelia spp. can invade multiple tissues, including the heart (27, 75), brain (16, 26, 27) , and joints (18, 37, 56) , the most notable niche is the blood, where the bacteria can reach extremely high densities (10 6 to 10 8 per ml). Although rapidly produced antibodies initially clear the organism from the blood, the infection is characterized by recurring episodes of bacteremia. The expression of antigenically distinct variable-surface proteins allows relapsing fever Borrelia to evade host defenses and repopulate the bloodstream (63, 69) . This antigenic variation results from alterations in expression of the variable major surface lipoproteins (Vmps) through gene conversion from silent cassettes into an expression locus (9, 23, 32, 47, 57) .
Immunoglobulin M (IgM) antibody plays a critical role in the host defense to relapsing fever Borrelia, as indicated by studies using scid, RAG Ϫ/Ϫ , B-cell-deficient, and surface IgM Ϫ/Ϫ mice (4, 18, 21) . IgM antibodies that react with relapsing fever Borrelia can be directly bactericidal in the absence of host complement and can neutralize growth of Borrelia both in vitro and in vivo (10, 11, 21, 22, 69) . The production of antibodies and clearance of relapsing fever Borrelia notably occurs in the absence of T cells, as demonstrated in thymectomized mice and T-cell receptor Ϫ/Ϫ mice (4, 53) . This supports a role for cells that respond to T-independent antigens such as B1 B cells and marginal-zone B cells. Recent studies by Alugupalli et al. strongly support a role for B1b B cells, which are primarily found in the peritoneum, in IgM production and host defense toward B. hermsii (4, 5) . Additionally, the finding that splenectomized mice show a deficiency in the ability to control the first episode of bacteremia when infected with low-passage B. hermsii provides evidence for involvement of splenic B cells in this response (4) . Recent work by Belperron et al. further implicated marginal-zone B cells of the spleen in the rapid IgM production important for early control of B. hermsii (13) .
While antibody is clearly central to the defense against relapsing fever Borrelia, other factors of the innate defense may also contribute to host control of the pathogen. Complement was not found to play an essential role in clearance of relapsing fever Borrelia in studies using C1q-, C3-, or C5-deficient mice (21, 22, 52) . This may be due to the expression of a factor H-binding protein by B. hermsii, which would provide a mechanism for complement evasion by this organism (36) . Guyard et al. have recently identified a serine protease in relapsing fever Borrelia that increases spirochete resistance to oxidative stress and polymorphonuclear leukocyte (PMN) killing (29) . Platelets bind to B. hermsii during infection and are thought to play an important role in defense and clearance of relapsing fever Borrelia (6, 7) . Additionally, the spleen is a major filtering organ of the blood that may contribute to efficient removal of high levels of bacteria from the blood (4) .
Toll-like receptors (TLRs) are receptors of the innate immune response that are involved in detection and response to pathogen-associated molecules such as lipopolysaccharide (20, 35, 41, 58, 59) , bacterial lipoproteins (3, 33, 42, 71) , bacterial flagellin (2, 30), and unmethylated CpG DNA (31) . In previous studies, Toll-like receptors were found to be critical in the host response to the related tissue-associated pathogen B. burgdorferi (2, 12, 14, 43, 77) and in response to blood-borne pathogens such as group B streptococcus (46) . Others have predicted that recognition and signaling by the variable-surface lipoproteins expressed by relapsing fever Borrelia is involved in the inflammatory and febrile responses during bacteremic episodes (18, 73) . TLR signaling also has a significant role in host defense to numerous pathogens (24, 25, 60, 67, 70) . The experiments presented in this report reveal that TLR signaling is important in two aspects of host response to B. hermsii: the rapid antibody production against B. hermsii lipoproteins and an antibody-independent entity required for clearance of blood-borne B. hermsii.
ntm17.R (5Ј-GCC AAA GTT CTG CAA CAT TAA CAC CTA AAG-3Ј) (51) and do not amplify the B. hermsii recA gene.
Reagents. B. hermsii antigens were prepared by sonication of a 10-day washed culture of the DAH strain of B. hermsii. Protein concentration was determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Escherichia coli K12, D31m4 (Re) lipopolysaccharide (LPS) (List Biological Laboratories, Campbell, CA) was repurified by phenol extraction as previously described (34) . Antibodies and standards for cytokine enzyme-linked immunosorbent assay (ELISA) were obtained from PharMingen (San Diego, CA). IgG, IgM, and IgA for Ig ELISA were from Zymed (San Francisco, CA), and -chain-specific detection antibody was from Invitrogen (Carlsbad, CA).
Western blot analysis. Western blot analysis of mouse sera was conducted as previously described (77) using a sonicated preparation of B. hermsii or the n-butanol extract of B. hermsii that was prepared as described for B. burgdorferi (45) . Briefly, 120 g of B. hermsii sonicate or 12 g protein from the aqueous phase of an n-butanol extraction of B. hermsii was separated on a sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis gel and transferred to an Immobilon-P membrane (Millipore, Bedford, MA). Blots were incubated with a 1/50 dilution of infected or control mouse sera. Bands were detected using alkaline phosphatase (AP)-conjugated goat anti-mouse IgM or AP-conjugated goat antimouse IgG antibodies (Invitrogen). GlpQ and Vsp33 were identified with rabbit antisera (65) or mouse monoclonal antibody H4825 (55), respectively.
Passive transfer of sera. Sera were collected from naïve C57BL/6 mice, C57BL/6 mice infected with B. hermsii for 6 days, C57BL/6 mice infected with B. hermsii for 9 weeks, or MyD88-deficient mice infected with B. hermsii for 6 days. Undiluted pooled sera (300 l) were filter sterilized to remove B. hermsii and transferred via intraperitoneal injection into recipient animals 72 h following infection with B. hermsii. Spirochete levels in the blood were monitored daily using quantitative PCR.
Fluorescent-activated cell sorter (FACS) analysis of B1b cells. Peritoneal cells were isolated from individual mice and stained with CD16/32 (Fc block; clone 93) followed by IgM (clone 1B4B1), IgD (clone 11-26c), CD11b (clone M1/70), or CD5 (clone 53-7.3) antibody (eBioscience, San Diego, CA) for determining the frequency of B-cell populations. Samples were analyzed using a FACScan flow cytometer and Cell Quest software (Becton Dickinson, San Jose, CA).
In vitro IgM antibody production. Peritoneal cells from uninfected MyD88
and MyD88 Ϫ/Ϫ mice were collected and plated at 2 ϫ 10 5 cells per well in a 24-well dish. Cells were treated with media, repurified lipopolysaccharide (200 ng/ml) (34), B. hermsii sonicate (50 g/ml), or 2.4 ϫ 10 7 live B. hermsii cells for 5 days at 37°C. IgM levels in cell-free supernatants were determined by ELISA.
In vitro macrophage killing assay. Bone marrow-derived macrophages were isolated from MyD88-deficient mice and littermate control animals as described previously (15) . Adherent macrophages were collected after 7 days and plated at a density of 3 ϫ 10 5 cells per well in a 24-well dish, as were mouse L cells. After overnight incubation, bone marrow-derived macrophages were washed and 3 ϫ 10 6 B. hermsii cells were added in BSK-II media containing 6% rabbit serum. Viable spirochetes were counted after 24 h, 48 h, and 72 h by dark-field microscopy using a Petroff-Hausser counting chamber.
Statistics. Data sets were analyzed using Microsoft Excel. Significant differences among groups were determined using a two-tailed, two-sample unequalvariance Student's t test. Statistical significance was defined as P Ͻ 0.05. For survival analysis, Kaplan-Meier plots were constructed and analyzed by the Mantel-Haenszel logrank test using Prism version 4.01 for Windows (GraphPad Software, San Diego, Calif.).
RESULTS
TLR signaling plays an important role in the host defense against B. hermsii. A role for Toll-like receptor signaling in the response to the relapsing fever agent B. hermsii was examined using mice that lack MyD88, a common adapter molecule in the TLR signaling pathway. MyD88-deficient mice displayed significant mortality starting at day 8 of infection with B. hermsii, with most MyD88 Ϫ/Ϫ mice succumbing by day 16 of infection ( Fig. 1A) (Fig. 1B to D) . At the peak of bacteremia, MyD88-deficient mice harbored 1 ϫ 10 7 to 2 ϫ 10 7 B. hermsii cells per l of blood, at least 30-fold higher than the 6 ϫ 10 5 -cells/l peak level of B. hermsii attained in control animals. During infection, some of the MyD88-deficient mice were able to markedly reduce the level of B. hermsii in blood, suggesting that there was residual host defense in the absence of MyD88-dependent TLR signaling; however, the kinetics of B. hermsii clearance in these animals was generally delayed to day 8 of infection compared with littermate controls, where the initial clearance was observed at 3 to 4 days of infection (Fig. 1 ). This trend of delayed clearance in MyD88 Ϫ/Ϫ mice was reproduced in several experiments, although some variability was observed in the time of onset of B. hermsii clearance in MyD88 Ϫ/Ϫ mice as shown in later figures. Furthermore, clearance that occurred in MyD88-deficient mice was less complete than seen with wild-type mice.
TLR signaling is not required for the IgM response to B. hermsii infection. Antibodies play an important role in the clearance of B. hermsii from the bloodstream, and IgM antibodies specific for the variable-surface lipoproteins are particularly important in clearing individual serotypes of B. hermsii (4, 21, 69) . The antibody response of infected MyD88 Ϫ/Ϫ mice was analyzed to determine if deficient antibody production was responsible for the elevated levels of B. hermsii observed in MyD88 Ϫ/Ϫ mice. Circulating levels of IgM in uninfected MyD88 Ϫ/Ϫ mice were similar to those of wild-type littermates, and infection with B. hermsii resulted in a greater than sevenfold increase in total serum IgM in both mouse genotypes, suggestive of a mitogen response to the pathogen (Table 1) .
Additionally, B. hermsii-infected MyD88
Ϫ/Ϫ mice and wildtype mice produced similar amounts of B. hermsii-specific IgM as determined by ELISA. This finding is consistent with previous findings of normal or even elevated IgM production in MyD88 Ϫ/Ϫ mice infected with B. burgdorferi (14, 43) .
Defect in the in vitro polyclonal response of B1b B cells from MyD88
؊/؊ mice. Cells from the peritoneum, a rich source of B1 B cells, were collected from uninfected wild-type and MyD88 Ϫ/Ϫ mice, and IgM production was determined in response to cultured, living B. hermsii. Cultured peritoneal cells from naïve MyD88 Ϫ/Ϫ mice failed to produce IgM when (Table 2 ). These results indicated that B1b B cells are present in the peritoneal cavity of MyD88 Ϫ/Ϫ mice and suggest that the absence of IgM production by cultured cells might reflect the requirement for MyD88 in an accessory cell. As an attempt to correct the defect in IgM production by MyD88 Ϫ/Ϫ peritoneal B cells, wild-type bone marrow-derived macrophages, which respond to B. hermsii by producing cytokines, were cocultured with peritoneal cells from MyD88 Ϫ/Ϫ mice. This did not promote increased IgM production by MyD88 Ϫ/Ϫ B cells (data not shown). This distinction between in vitro and in vivo IgM response suggested a more subtle defect in antibody production and prompted us to further characterize the production of antibody directed against B. hermsii during infection of MyD88 Ϫ/Ϫ mice.
Complexity and kinetics of antibody response in MyD88
؊/؊ mice. Sera collected from wild-type and MyD88
Ϫ/Ϫ mice infected for 6 days with B. hermsii were assessed for reactivity with B. hermsii antigens. Western blot analysis using a preparation of sonicated bacteria revealed IgM and IgG reactivity with several antigens and selective lack of reactivity in MyD88 Ϫ/Ϫ mouse sera toward a B. hermsii antigen of approximately 17 kDa (Fig. 3A and B) . The Vsp33 monoclonal antibody H4825 (IgG) gave strong reactivity with the band at 17 kDa, demonstrating it contained Vsp33 (Fig. 3B) . Most of the spirochetes in the passage-3 DAH culture stained positively for Vsp33, with a small proportion staining for serotype 7 (data not shown). Taken together, these findings suggest that an early antibody response to Vsp33 is responsible for the reactivity to the 17-kDa band. Reactivity with several bands was enhanced when the Western blot was performed with the lipoprotein-enriched n-butanol extract of B. hermsii, indicating these antigens were likely to be lipoproteins. This included reactivity of wild-type sera to the 17-kDa lipoprotein, likely Vsp33, with diminished reactivity in sera from MyD88 Ϫ/Ϫ mice (Fig. 3C) .
To assess the kinetics of antibody production to B. hermsii lipoproteins, sera from B. hermsii-infected wild-type and MyD88
Ϫ/Ϫ mice were collected daily and analyzed for IgM reactivity to B. hermsii lipoprotein antigens (Fig. 4) . Western blot analysis using n-butanol extracts of B. hermsii demonstrated that MyD88 Ϫ/Ϫ mice were able to produce antibody to B. hermsii lipoproteins; however, sera from all five MyD88 Ϫ/Ϫ mice showed a 1-to 2-day delay in the response to several B. hermsii lipoprotein antigens relative to wild-type littermates, including Vsp33 at 17 kDa. This finding is interesting in light of the limited and delayed clearance of B. hermsii from the blood in MyD88 Ϫ/Ϫ mice (Fig. 1) . TLR signaling contributes to both antibody production against B. hermsii and additional responses involved in host defense. Although there was a delay in the production of antibodies to B. hermsii lipoproteins, the blots of Fig. 4 indicated IgM reactivity eventually appeared. Some experiment-to-experiment variation does occur in the development of antibody to the 17-kDa antigen, as seen by comparison of the 6-day samples in Fig. 3 and 4 from different experiments. Because the day-6 sera shown in Fig. 3 contained equivalent levels of reactivity by ELISA but reduced activity against the 17-kDa band by Western blotting, we hypothesized that the reduced recognition of this band might correlate with lack of bactericidal or other protective capacity. Pooled 6-day sera from sam- Fig. 3 were transferred from wild-type or MyD88 Ϫ/Ϫ mice into scid mice 72 h following inoculation with B. hermsii (Fig. 5) . scid mice were expected to have normal MyD88-dependent responses in cell types other than lymphocytes. The maximal level of B. hermsii in blood of scid mice receiving nonimmune sera was 10-fold higher than peak B. hermsii levels in wild-type mice (Fig. 5A and C) , and scid mice failed to display recurring episodes of bacterial clearance, similar to previous reports (4, 18) . MyD88 Ϫ/Ϫ mice harbored approximately eightfold greater levels of B. hermsii than scid mice at the peak of infection (Fig. 5B and C) . Sera from either wild-type or MyD88 Ϫ/Ϫ mice led to the transient clearance of B. hermsii from the blood of recipient scid animals within 12 h after the transfer (Fig. 5D and E) . These findings support our observation that MyD88 Ϫ/Ϫ mice were capable of producing B. hermsii-specific antibodies and, in addition, demonstrate that these antibodies can efficiently clear B. hermsii from the blood. The two observations of (i) a greater defect in control of the spirochetes in MyD88 Ϫ/Ϫ mice compared to scid mice and (ii) the ability of antibody in sera from MyD88 Ϫ/Ϫ mice to clear B. hermsii upon transfer to scid mice strongly argue that the 
hermsii in MyD88
Ϫ/Ϫ mice is not solely due to a B-cell defect or deficiency of antibody production.
The impact of the delayed early antibody response on the failure of MyD88 Ϫ/Ϫ mice to efficiently control spirochete numbers in the blood was investigated by transferring sera from wild-type mice that had been infected with B. hermsii for either 6 days or 9 weeks (Fig. 6 ). MyD88 Ϫ/Ϫ mice receiving nonimmune sera at 72 h of infection failed to clear B. hermsii from the blood by 9 days (Fig. 6B) . At 72 h postinfection, MyD88 Ϫ/Ϫ mice that received sera from C57BL/6 mice infected for 6 days or 9 weeks displayed rapid clearance of B. hermsii from the blood, lowering the B. hermsii burden to levels similar to wild-type mice during clearance phases of infection (Fig. 6 ). All five MyD88 Ϫ/Ϫ mice receiving 6-day sera and four out of five MyD88 Ϫ/Ϫ mice receiving 9-week sera exhibited rapid clearance of B. hermsii from the bloodstream (Fig. 6C  and D) . One MyD88 Ϫ/Ϫ mouse receiving 9-week immune sera failed to reduce B. hermsii levels following transfer. It is most likely that in this mouse, B. hermsii underwent a rapid switch in variable antigen expression to a serotype not recognized by antibodies in the 9-week immune sera, allowing the bacteria to persist in this animal.
Contribution of TLR2 to host defense against B. hermsii. Previous studies have demonstrated that TLR2, acting in a heterodimeric complex with TLR1, signals in response to Borrelia lipoproteins (2, 72) . To determine the involvement of TLR2 in the host defense against B. hermsii and to more fully characterize the nature of the defect in host defense against B. hermsii, we compared survival and spirochete burden in blood of MyD88 Ϫ/Ϫ , TLR2 Ϫ/Ϫ , scid, and TLR2 Ϫ/Ϫ /scid double mutant mice (Fig. 7) . MyD88 Ϫ/Ϫ , TLR2 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ /scid mice succumbed to infection beginning at 7 days of infection, as shown previously with MyD88 Ϫ/Ϫ mice (Fig. 1A) . Levels of B. hermsii in the blood of TLR2 Ϫ/Ϫ mice were very high, approaching those seen in infected MyD88 Ϫ/Ϫ mice ( Fig. 7A to  C) . However, TLR2
Ϫ/Ϫ mice underwent clearance of bacteremia at a frequency similar to that seen with wild-type animals, suggesting that other TLRs are also involved in host defense against B. hermsii ( Fig. 7A and C) . In comparison, TLR2
Ϫ/Ϫ / scid double mutant mice harbored higher levels of B. hermsii than either TLR2 Ϫ/Ϫ mice or scid mice and similar to levels for MyD88 Ϫ/Ϫ mice (Fig 7B to E) . This observation further supports the influence of a second, antibody-independent requirement for TLR signaling in host defense to B. hermsii. It is also possible that TLR signaling influences tissue invasion, altering the balance between blood and tissue infection.
Killing of B. hermsii by macrophages from MyD88
؊/؊ and wild-type mice. The possibility that the antibody-independent defect in MyD88 Ϫ/Ϫ mice was related to macrophage function was tested with bone marrow-derived macrophages, which had previously been found to effectively kill B. burgdorferi in vitro (43) . Efficient killing of B. hermsii was observed in 48-h and 72-h cocultures with bone marrow-derived macrophages from wild-type mice or MyD88 Ϫ/Ϫ mice but not observed in cocultures with murine fibroblasts (Fig. 8) . Importantly, the slow kinetics of this assay argue that it is not mediated by classical phagocytosis but possibly by a mechanism of extracellular killing, as previously described for killing of unopsonized Borrelia by human PMNs (44) . Interestingly, antibody to B. burgdorferi was previously found to increase B. burgdorferi killing in vitro (43) , consistent with our finding that serum transfer into MyD88 Ϫ/Ϫ mice helps to resolve relapsing fever spirochetemia (Fig. 6) .
FIG. 5. Sera from B. hermsii-challenged
MyD88-deficient mice can clear persistent spirochetemia in recipient scid mice. Pooled sera (300 l) from naïve C57BL/6 mice (non-immune sera), C57BL/6 mice infected with B. hermsii for 6 days (6d C57BL/6 sera), or MyD88-deficient mice infected with B. hermsii for 6 days (6d MyD88 Ϫ/Ϫ sera) were transferred to B. hermsii-infected scid mice 72 h after infection. B. hermsii levels in the blood were monitored as described in the legend to MyD88-independent inflammatory responses to B. hermsii infection. While a defect in control of B. hermsii was clearly evident in MyD88-deficient mice, the production of antibody to B. hermsii and the partial clearance of spirochetes from blood in some MyD88 Ϫ/Ϫ mice indicated residual responses to B. hermsii independent of TLR signaling. In vitro inflammatory cytokine production in response to Borrelia is dependent on TLR2 signaling, therefore, it was surprising to find that infected MyD88 Ϫ/Ϫ mice and TLR2
Ϫ/Ϫ mice expressed higher levels of interleukin-6 (IL-6) in their sera than wild-type mice (Fig. 9) . Extremely high levels of FIG. 6 . Sera from B. hermsii-challenged C57BL/6 mice can clear high levels of spirochetes in recipient MyD88-deficient mice. Pooled sera (300 l) from naïve C57BL/6 mice (non-imm sera), C57BL/6 mice infected with B. hermsii for 6 days (6d sera), or C57BL/6 mice infected with B. hermsii for 9 weeks (9wk sera) were transferred to B. hermsii-infected MyD88-deficient mice 72 h after infection. Survival and B. hermsii levels in the blood were monitored as described in the legend to Fig. 1 . Shown are B. hermsii levels in blood of one C57BL/6 mouse, representative of three mice (A), B. hermsii levels in blood of five MyD88-deficient mice receiving nonimmune sera from C57BL/6 mice (B), three MyD88-deficient mice receiving sera from 6d B. hermsii-challenged C57BL/6 mice (C), and four MyD88-deficient mice receiving sera from 9wk B. hermsii-challenged C57BL/6 mice (D). Results shown are representative of two separate experiments. Samples that were PCR negative for B. hermsii DNA in panel D are plotted as 10 2 B. hermsii per l of blood based on sensitivity of the assay.
FIG. 7. TLR2
Ϫ/Ϫ /scid double mutant mice have a greater defect in host defense against B. hermsii than either individual mutant alone. Mice of the indicated genotypes were infected with B. hermsii and monitored for survival and B. hermsii levels in the blood as described in the legend to Fig. 1 . Shown are B. hermsii levels in blood of one C57BL/6 mouse, representative of six mice (A), and B. hermsii levels in blood of four MyD88 Ϫ/Ϫ mice (B), five TLR2 Ϫ/Ϫ mice (C), six scid mice (D), and four TLR2 Ϫ/Ϫ /scid mice (E).
IL-6 were found in the sera of several of the MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ mice, generating large standard deviations. However, close inspection of the individual samples revealed that each of the infected MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ mice displayed at least fivefold higher levels of IL-6 than wild-type mice on two consecutive days of infection, most prominently days 4 and 5 (Fig. 9) . Although there was not a direct correlation with spirochete levels in the blood at the time the sample was taken, there did appear to be a periodicity to the increased levels of serum IL-6 that could reflect episodes of spirochetemia. Levels of IL-6 in uninfected wild-type, MyD88 Ϫ/Ϫ , or TLR2 Ϫ/Ϫ mice were similar, ranging from 70 to 150 pg/ml and as shown for TLR2 Ϫ/Ϫ mice in Fig. 9 .
DISCUSSION
A notable feature shared by the vector-borne spirochetes of the Borrelia species is the ability of these extracellular pathogens to establish persistent infections. This ability to persist requires that the bacteria possess mechanisms allowing evasion of both acquired and innate host defenses. Antigenic variation plays a major role in immune evasion by both the Lyme disease spirochete B. burgdorferi and the relapsing fever spirochetes, including B. hermsii (9, 23, 78) . While antigenic variation, resulting from gene conversion events, is the foundation for the ability of Borrelia to evade antibody-mediated clearance and persist in mammalian hosts, alteration in lipoprotein expression also plays an important role in the natural life cycle of the bacterium (19, 28, 39, 40, 54, 64, 68) .
Innate host defenses also play a major role in the host defense to B. burgdorferi. We and others have previously studied the involvement of MyD88 in host defense to B. burgdorferi and found that mice missing this important TLR adapter molecule harbor extremely high levels of spirochetes in several tissues, averaging 70-fold greater spirochete levels in ankle tissue than wild-type littermates (12, 14, 43) , higher than levels of B. burgdorferi in antibody-deficient scid mice (53) . Interestingly, even in the absence of MyD88-dependent signaling pathways, a robust antibody response to B. burgdorferi develops, with high levels of IgM and a strong IgG response (14, 43) . In fact, transfer of sera from B. burgdorferi-infected MyD88-deficient mice is sufficient to protect naïve recipients from challenge with B. burgdorferi (14) , indicating that MyD88-dependent factors independent of the production of antibody are also important for controlling B. burgdorferi in tissues.
In contrast to B. burgdorferi, the relapsing fever Borrelia achieves very high levels in blood during infection of mice. This suggested that the relapsing fever B. hermsii spirochetes might provide a better experimental model than B. burgdorferi for assessment of host defense strategies against Borrelia. The critical involvement of IgM in resolution of spirochetemic episodes of relapsing fever Borrelia has been well documented, as has the emergence of bacterial clones expressing novel variable-surface lipoproteins (4, 9, 18, 21) . Two recent studies pointed to B1b B cells and marginal-zone B cells as important sources of IgM in control of B. hermsii (5, 13) . Therefore, we focused on the role of MyD88 in two aspects of host response Fig. 1 and  5 to 7) . We initially suspected that inadequate antibody response in MyD88-deficient mice was responsible for the impaired clearance of B. hermsii and assessed IgM production in these mice. However, MyD88-deficient mice generated an active IgM response, as determined by ELISA, achieving similar or higher levels than infected wild-type mice at 6 days of infection (Table 1) . Western blot analysis revealed IgM recognition of multiple B. hermsii antigens by both MyD88-deficient mice and wild-type mice with one notable exception: reduced reactivity to a 17-kDa band that contained Vsp33, the lipoprotein expressed by cultured and tick-associated bacteria (Fig. 3B  and C) . These results suggested that although MyD88-deficient mice could recognize B. hermsii, there might be an impaired ability to rapidly respond to new antigenic variants. Consistent with this hypothesis, the kinetics of the appearance of antibody to several B. hermsii lipoproteins was delayed (Fig. 4) . Definitive assessment of the kinetics of appearance of new serotypes will require low-dose infection of a single serotype.
Even more surprising was the observation that the defect in host defense in MyD88-deficient mice was greater than that in scid mice that lack B cells, T cells, and antibody production: MyD88 Ϫ/Ϫ mice harbored 10-fold more B. hermsii than scid mice ( Fig. 5 and 7 ). This was a strong indicator that the defect in MyD88 Ϫ/Ϫ mice was not entirely due to inadequacy in the antibody response. This conclusion was further supported by antibody transfer experiments: sera from MyD88 Ϫ/Ϫ mice could clear B. hermsii from infected scid mice, indicating that anti-B. hermsii antibody was produced in MyD88 Ϫ/Ϫ mice but was not fully effective in the absence of MyD88-expressing effector cells (Fig. 5) . However, when high levels of antibody from wild-type mice were provided to MyD88 Ϫ/Ϫ mice, they could clear B. hermsii from the blood (Fig. 6 ). This argues that two defects occur in the absence of MyD88 Ϫ/Ϫ : (i) delayed appearance of IgM, and (ii) a second defect distinct from antibody and needed for the most efficient clearance of B. hermsii. That this second effector is more than a facilitator of clearance of antibody-coated cells is supported by the ability of scid mice to better control infection than MyD88 Ϫ/Ϫ mice, although the requirement for the second effector can be overcome by transfer of high levels of antibody-containing serum. TLR2 Ϫ/Ϫ mice were able to partially clear B. hermsii infection, with peak levels in the blood higher than those found with wild-type or scid mice (Fig. 7) . TLR2 Ϫ/Ϫ mice also displayed greater mortality than either wild-type or scid mice. Interestingly, a recent study using a different species of relapsing fever, B. turicatae, found clearance in TLR2 Ϫ/Ϫ mice and incidence of vestibular disease to be similar to that seen with infected scid mice (17) . This difference in TLR2 requirement in host defense could reflect differences in target tissues of these two distinct but related organisms.
Macrophages were selected to assess MyD88-dependent activity of a cell important to the host defense that could be facilitating clearance of B. burgdorferi in vivo. Several studies have been performed with human macrophages and PMNs, establishing that macrophages can phagocytize unopsonized B. burgdorferi, whereas PMN-mediated killing in the absence of antibody is primarily extracellular (48) . Murine macrophages from MyD88 Ϫ/Ϫ mice were assessed for the ability to kill B. hermsii, as these cells respond strongly to Borrelia antigens in a MyD88-dependent manner in vitro and have been shown to kill B. burgdorferi in vitro (14, 43, 49, 50) . The coculture assay demonstrated reduction in viability of B. hermsii cocultured with murine macrophages but not with fibroblasts and was compatible with both intracellular and extracellular killing of the bacteria. This assay failed to reveal a defect in killing of B. hermsii by MyD88-deficient macrophages (Fig. 8) . Liu et al. recently demonstrated that TLR signaling was involved in the degradation of B. burgdorferi following phagocytosis, suggesting that MyD88-dependent signaling in response to Borrelia could affect phagosome maturation and kinetics of killing (43); however, with time MyD88
Ϫ/Ϫ macrophages were fully capable of killing B. burgdorferi, similar to our findings with B. hermsii. Together, these results imply the presence of an additional, nonmacrophage, non-B-cell defect in MyD88 Ϫ/Ϫ mice crucial to host defense against B. hermsii. B. hermsii is also highly resistant to complement-mediated killing and to PMN-mediated oxidative killing (21, 29) . Thus, the MyD88-dependent host defense complementary to antibody-mediated clearance has yet to be identified and will require further studies.
Flow cytometry confirmed the presence of cells bearing surface markers for B1b B cells in the peritoneal cavity of MyD88 Ϫ/Ϫ mice at a frequency similar to that observed in wild-type mice (Table 2) . Furthermore, these cells could be activated by LPS through a MyD88 Ϫ/Ϫ -independent pathway but failed to respond to the MyD88-dependent ligands of B. hermsii or B. burgdorferi. The dichotomy between in vitro failure of B cells to produce IgM in response to the mitogenic activities of B. hermsii and the strong IgM response found in B. hermsii-infected mice indicates an additional cell type is required that was not included in these cultures and could not be replaced with bone marrow-derived macrophages. One likely candidate is the marginal-zone B cell, whose contribution in vivo was demonstrated by Belperron et al. (13) .
The cellular source of these additional factors remains to be determined. In fact, there is clearly a source of proinflammatory cytokines in response to B. hermsii in infected TLR2-deficient and MyD88-deficient mice, as levels of IL-6 in serum were extremely high, much greater than in wild-type mice (Fig.  9 ). This is quite surprising, as the IL-6 response to lipoproteins from Borrelia spp. and other bacterial species by macrophages is dependent on TLR2 and MyD88 signaling (14, 77) . Responses to the lipoproteins have been proposed to drive the Jarisch-Herxheimer reaction of relapsing fever, and this elevation in cytokines was thought to be dependent on MyD88 signaling (73) . These results clearly point to alternative pathways allowing cytokine production in the absence of TLR signaling. We hypothesize that the cellular source of IL-6 in vivo could also be the source of the host defense molecule(s) or pathways responsible for efficient clearance of B. hermsii during infection. Therefore, further characterization of these pathways could allow identification of the components of host defense that act in concert with IgM in clearing B. hermsii and could also shed light on the host defense against B. burgdorferi. Identification of these components could also provide tools for development of novel targets for these interesting, and persistent, pathogens.
